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Introduction {#s0001}
============

Gliomas are a group of central nervous system tumors of glial cell origin, accounting for at least 50% of all primary intrinsic brain tumors. Among gliomas, glioblastoma multiforme (GBM) is the most aggressive and most frequently occurring primary brain tumor in adults. According to the World Health Organization (WHO) it is classified as a grade IV tumor.[@cit0001] Together with WHO grade III anaplastic astrocytoma, anaplastic oligodendroglioma and anaplastic oligoastrocytoma, GBM are categorized as HGG. Despite multidisciplinary treatment consisting of surgical resection and radiochemotherapy, median overall survival of GBM patients is restricted to approximately 14.6 mo.[@cit0002] Hence, there is an urgent need for novel, effective treatment strategies with minimal off-target effects against normal brain parenchyma.[@cit0003] In this regard, DC-based immunotherapy can be an attractive option, because of its relative tumor-specific nature and its ability to elicit immune memory responses crucial for controlling or eliminating residual cancer cells.[@cit0004] A recent meta-analysis revealed that DC-based immunotherapy in HGG patients markedly prolonged the overall and the progression-free survival compared with a non-DC group.[@cit0006] However, there is a consensus that DC vaccines have not yet reached their full potential. This is in part due to the selection of advanced disease stage patients and the presence of tumor-induced immunosuppressive mechanisms.[@cit0007] In addition, the lack of optimization and standardization of the different steps in the production process of DC vaccines, especially those pertaining to the overall immunogenicity of the tumor cells/lysate itself, also contributes notably to the limited DC vaccine efficacy.[@cit0009]

HGG-induced immunosuppression is associated with a profound infiltration of anti-inflammatory and pro-tumorigenic immune cells like T regulatory cells (Tregs), MDSCs and TAMs.[@cit0010] Therefore, an immunotherapeutic strategy that activates antitumor immunity and simultaneously tackles the infiltration of these immunosuppressive immune cell populations is highly desirable.[@cit0004]

DCs pulsed with whole tumor lysate tend to have superior efficacy over DCs pulsed with selected cancer-associated antigen peptide(s).[@cit0016] Moreover, the tumor specificity of the antitumor immune response elicited by whole tumor cell-based DC vaccination has been demonstrated in the preclinical GL261 HGG model.[@cit0017] Interestingly, multiple preclinical studies in different cancer models have convincingly demonstrated that the methodology utilized for tumor lysate preparation can influence its immunogenicity and in turn the overall efficacy of antitumor immunity elicited by tumor lysate pulsed DCs.[@cit0018] There is, however, no consensus yet on the methodology of whole tumor lysate preparation; most clinical reports involving DC vaccinated HGG patients describe the use of multiple FT cycles to induce necrosis of tumor cells (i.e., FT-necrosis) or a combination of FT-necrosis and subsequent high-dose X-ray irradiation. The latter preparation methodology offers interesting, but as-yet-untested avenues in light of the fact that radiotherapy is a known enhancer of oxidation-based immunogenicity.[@cit0015] More specifically, radiotherapy is known to generate reactive oxygen species (ROS)[@cit0023] that have the ability to induce OAMPs like carbonylated proteins.[@cit0024] This is important because protein carbonylation, a surrogate indicator of irreversible protein oxidation, has been shown to improve cancer cell immunogenicity and facilitate formation of neo-immunogenic antigens.[@cit0026] In addition, OAMPs like protein carbonylation can facilitate efficient antigen processing by DCs.[@cit0025]

The primary goal of this study was to directly compare the *in vivo* immunogenicity of DCs pulsed with either FT-necrotic cells or X-ray irradiated FT-necrotic cells, in the context of HGG. Moreover we explored the contribution of protein carbonylation-based OAMPs in this setting. To address these questions, we utilized the well-established, immunocompetent, orthotopic GL261 mouse HGG model. This model has been abundantly used to evaluate the potency of anti-HGG immunotherapies.[@cit0030]

Results {#s0002}
=======

Clinical evidence generated from DC vaccination trials in HGG patients hints toward improved efficacy of irradiated FT-necrotic lysate {#s0002-0001}
--------------------------------------------------------------------------------------------------------------------------------------

Since the year 2,000, over 30 phase I/II studies of DC-based immunotherapy for HGG have been published in which over 500 patients were involved.[@cit0031] To this end, we decided to do a literature-based meta-analysis to ascertain the methodologies of tumor lysate preparation used and the associated patient responses. We found that 19 trials reported the use of whole tumor lysate as an antigen source for loading DCs ([Table 1](#t0001){ref-type="table"}). The method of preparing this lysate however randomly (i.e., without any specified reason or rationale) involved either FT-necrotic cells [@cit0016] or irradiated FT-necrotic cells.[@cit0041] Retrospective analysis of primary GBM patients' survival data with a Karnofsky performance score (KPS) of more than 70 revealed a trend toward prolonged overall survival in patients vaccinated with DCs fed with irradiated (IR) FT-necrotic GBM cells (FT+IR-DC vaccine, n = 27, median survival of 33.5 mo) as compared to patients treated with DCs fed with FT-necrotic GBM cells (FT-DC vaccine, n = 34, median survival of 22.5 mo, data not shown). These results have to be interpreted with due caution, as a more stringent and better powered meta-analysis is required to correctly compare the two treatment groups. Insufficient data were available for comparison of immunogenicity-related parameters. Table 1.Autologous tumor lysate-pulsed DC vaccination studies in HGG patientsAuthorYearNo. of patients (type of trial)Grade III/IVND/RLysate preparationInjection routeTreatment scheduleImmune responseClinical responseYamanaka et al. [@cit0032]200310 (phase I-II)III /IVRFTID and/or IT1--10 vaccinations at 3-week intervalsIncrease in NK cells in PBMCs (5/5); positive DTH reaction (3/6); increased IFNγ ELISPOT (2/5)MR (2/6)Wheeler et al. [@cit0033]200317 (phase I)IVND/RFTNS3 vaccinations at 2- week intervalsNSNS  17 (phase II)IVND/RFT 3 vaccinations at 2-week intervals; 4^th^ vaccination 6 weeks later  Wheeler et al. [@cit0034]20045 (phase I) and 12 (Phase II)III/IVND/RFTNS3 vaccinations at 2-week intervals (phase I) and 4^th^ vaccination 6 weeks later (phase II)In GBM patients receiving post-vaccine chemotherapy, CD8^+^ TRECs predicted longer chemotherapy responsesVaccinated patients receiving subsequent chemotherapy exhibited longer times to tumor recurrence after chemotherapyYu et al. [@cit0035]200414 (phase I-II)III/IVND/RFTSC3 vaccinations at 2-week intervals; 4^th^ vaccination 6 weeks laterIncreased IFNγ ELISPOT (6/10); expansion of CD8^+^ antigen specific T cell clones (4/9); systemic T cell cytotoxicity against tumor (1/1)OS: 133 weeks in DC-group and 30 weeks in control-group (recurrent GBM)Rutkowski et al. [@cit0041]200412 (phase I)IVRFT + IRID2--7 vaccinations; 2^nd^ vaccine 2 weeks after 1^st^, then monthly vaccinesPositive DTH reaction (6/8)PR (1/12); tumor-free survival 5 y after vaccination (2/12); PFS: 3 months; OS: 105 monthsYamanaka et al. [@cit0036]200524 (phase I-II)III/IVRFTID or ID + IT1--10 vaccinations at 3-week intervalsPositive DTH reaction (8/17); positive IFNγ ELISOT (7/16); positive immune monitoring predicts good clinical outcomePR (1/24); MR (3/24); SD (10/24); significantly increased MSWheeler et al. [@cit0037]200834 (phase II)III/IVND/RFTSC3 vaccinations at 2-week intervals; 4^th^ vaccination 6 weeks laterIncreased IFNγ ELISPOT (17/34); DTH-test resulted in cutaneous GBM in 1 patient (DTH was subsequently discontinued)Significant positive correlation between post-vaccine response magnitude and TTS; 2-year OS: 41 % in vaccine responders *versus* 7 % in non-responders; patients relapsing after vaccination showed increased chemosensitivity.De Vleeschouwer et al. [@cit0042]200856 (phase I-II)IVRFT + IRIDCohort comparisonPositive DTH (9/21 at time of diagnosis and 9/17 after 2 vaccinations)PFS: 3 months; OS: 9.6 months; 2-year OS: 14.8 %; total resection is a predictor for better PFS; younger age and total resection are predictors for better OS in univariable analysis; tendency toward improved PFS when faster DC vaccination schedule with tumor lysate boosting was appliedArdon et al. [@cit0043]20108 (pilot)IVNDFT + IRID4 weekly vaccines, 3 monthly vaccines, then 3-months intervalsIncreased IFNγ ELISPOT (5/8), positive DTH reaction (3/6)6-months PFS: 75 %; OS: 24 months; PFS: 18 monthsArdon et al. [@cit0044]201033 children (phase I/II)III/IVRFT + IRIDDepending on the cohortNS6-months PFS: 42 %; PFS: 4.4 months; OS: 13.5 monthsFadul et al. [@cit0045]201110 (phase I/II)IVNDIR + FTIN3 vaccines at 2-week intervalsIncreased IFNγ ELISPOT (4/10)PFS: 9.5 months; OS: 28 monthsPrins et al. [@cit0038]201123 (phase I)IVND/RFTID3 vaccines at 2--week intervals, booster vaccines every 3 months (in combination with Imiquimod/Poly-ICLC)Mesenchymal tumors had a higher number of CD3+ and CD8^+^ tumor-infiltrating lymphocytes.OS: 31.4 months and a 1-, 2- and 3-year survival rate of 91 %, 55 % and 47 %. Better survival in patients having a mesenchymal gene signature.Elens et al. [@cit0046]201239 (phase I/II)IIIRFT + IRIDDepending on the cohortNSMedian PFS/OS were 3.4/20.5 mon (AA), 3.4/18.8 months (AOD) and 7.8/13.3 months (AOA)Ardon et al. [@cit0047]201277 (phase I/II)IVNDFT + IRID4 weekly vaccines, 3 monthly vaccines, then 3-months intervalsImmunological profiling could not predict clinical outcome.6-months PFS: 70.1 %; median OS: 18.3 months; OS depending on RPA classificationDe Vleeschouwer et al. [@cit0048]2012117 (phase II)III/IVRFT + IRIDChanging per cohortNSOS: 6--48.4 months ( according to HGG-immuno RPA classification)Fong et al. [@cit0039]201224 (2 phase I trials): 19 (DC-ATL) and 5 (DC-GAA)IVND/RFTID3 vaccinations at 2-week intervalsDecreased Treg frequency and decreased expression of CTLA-4 on T cells after DC vaccination was associated with better survivalOS: 33.8 months (DC-ATL), 14.5 months (DC-GAA); TTP: 13.9 months (DC-ATL), 9.6 months (DC-GAA)Valle et al. [@cit0049]20125 (pilot)IVNDFT + IRNS1^st^ vaccine one week before radiotherapy, 2^nd^ 3 weeks after radiotherapy, 2 monthly vaccines and 4 every 2 months and later quarterlyPBMC proliferation (3/3); positive IFNγ ELISA (3/3); positive IFNγ ELISPOT (0/3)PFS: 16.1 months; OS: 27 monthsLasky et al. [@cit0040]20137 (pilot, children)III/IVND/RFTID2-week intervalsCytokine production upon *in vitro* stimulation (1/3)MR: 1/3; CR: 2/3Prins et al. [@cit0016]201328 (phase I)III/IVND/RFTID3 vaccines at 2-week intervals, booster vaccines every 3 monthsSignificant correlation between decreased Treg ratio (post/pre-vaccination) and OSPFS: 18.1 months; OS: 34.4 months[^1]

In conclusion, this literature survey showed that several clinical trials utilized FT-DC vaccine and FT+IR-DC vaccine *ad libitum* for anti-HGG immunotherapy. Preliminary survival analysis hints toward giving preference to the use of irradiated necrotic lysate for loading DCs; however the two treatment regimens were indiscernible at the level of immunoscoring parameters.

Irradiation of necrotic cells potentiates DC vaccine-induced overall survival in glioma-challenged mice {#s0002-0002}
-------------------------------------------------------------------------------------------------------

Since we were unable to reach a consensus on immunogenicity-related differences between the FT-DC vaccine and the FT+IR-DC vaccine based on above analysis, we decided to conduct preclinical experiments to directly compare the efficacy of these two DC vaccine 'types'.

Using a prophylactic treatment strategy we observed a significant increase (*p* \< 0.05) in the median survival of mice vaccinated with the FT+IR-DC vaccine (53.5 d) as compared to mice treated with the FT-DC vaccine (34 d) ([Fig. 1A](#f0001){ref-type="fig"}). Moreover, treatment with FT+IR-DC vaccine protected 5 of 14 animals (36%) from tumor development, while only 2 of 14 (14%) mice that received FT-DC vaccine were protected. Of note, in line with our previously published data, vaccination with FT-DC vaccine induced a significant improvement in median survival (*p* \< 0.01) in comparison to untreated animals (34 *versus* 23 d, respectively).[@cit0050] Figure 1.Irradiation of necrotic tumor lysate prolongs DC-vaccine induced survival of glioma-bearing mice. (A) Kaplan--Meier graph of two independent experiments depicting survival of mice immunized with the FT-DC vaccine (▪, n = 14), the FT+IR-DC vaccine (▴, dashed line, n = 14) and untreated control mice (•, n = 9). \*, *p* \< 0.05; \*\*, *p* \< 0.01; \*\*\*, *p* \< 0.0001 (Log-rank test). (B-D) The tumor-induced neurological deficit of one representative experiment is displayed graphically over time by color-coding symptom severity for (B) control mice (n = 4), (C) FT-DC vaccine treated mice (n = 7) and (D) FT+IR-DC vaccine immunized mice (n = 7): grade 0 (black), healthy mice; grade 1 (green), slight unilateral paralysis; grade 2 (yellow), moderate unilateral paralysis and/or beginning hunchback; grade 3 (orange), severe unilateral or bilateral paralysis and/or pronounced hunchback; grade 4 (red), moribund mice.

Consistent with the survival data, graphical representation of the tumor-induced neurological deficit scores over time revealed a delay in the onset of clinically-relevant symptoms and a less pronounced clinical manifestation in mice treated with the FT+IR-DC vaccine compared to FT-DC vaccine immunized animals ([Fig. 1B-D](#f0001){ref-type="fig"}).

As irradiation is a known enhancer of tumor cell immunogenicity,[@cit0051] we also wished to address if IR on its own or IR treatment prior to FT of the GL261 cells could impact the *in vivo* immunogenicity of the tumor cell preparations. Both treatment groups (IR-DC vaccine and IR+FT-DC vaccine, respectively) however failed to induce significant survival benefit as compared to untreated mice or FT+IR-DC vaccine treated mice (Fig. S1). Interestingly, to achieve a 90% cell killing rate the GL261 cells had to receive an 800 Gy X-ray dose, underlining the high radiotherapy resistance of this HGG cell line (data not shown). Of note, because of the requirement of 100 % tumor cell avitality for clinical translation of DC vaccines, the IR-DC vaccine cannot be considered as a clinically relevant alternative for the FT+IR-DC vaccine.

Increased potency of DCs pulsed with irradiated FT-necrotic cells is associated with a favorable shift in brain immune contexture {#s0002-0003}
---------------------------------------------------------------------------------------------------------------------------------

Next, we investigated whether the increased *in vivo* immunogenicity of the FT+IR-DC vaccine was associated with an immunostimulatory shift in the brain immune contexture. To this end, brain-infiltrating immune cells (BICs) were analyzed by flow cytometry, 20 d after intracranial GL261 tumor inoculation ([Fig. 2A](#f0002){ref-type="fig"}). Each graphical point (depicting one mouse) was given a color according to it neurological deficit score at the moment of sacrifice ([Fig. 2B-K](#f0002){ref-type="fig"}). Evaluating the adaptive immune compartment, a significantly increased infiltration of CD3^+^ T cells was observed in mice vaccinated with the FT+IR-DC vaccine as compared to both untreated and FT-DC vaccine treated animals (*p* \< 0.05, [Fig. 2B](#f0002){ref-type="fig"}). We observed no significant differences in the percentages of total CD4^+^ brain-infiltrating T cells between the different groups ([Fig. 2C](#f0002){ref-type="fig"}). Moreover, FT+IR-DC vaccine injected mice showed a reduced infiltration of CD4^+^FoxP3^+^ Tregs and an increase in the clinically relevant ratio of CD8^+^ T cells to CD4^+^FoxP3^+^ Tregs (*p* \< 0.05, [Fig. 2D and E](#f0002){ref-type="fig"}, respectively). As IFNγ production by T cells is considered crucial for the induction of Th1 polarization-based antitumor immunity,[@cit0053] we evaluated the intracellular levels of this cytokine in the brain-infiltrating lymphocytes. Only in FT+IR-DC vaccine treated mice the frequency of IFNγ^+^CD4^+^ T cells i.e., Th1 cells and IFNγ^+^CD8^+^ T cells i.e., CTLs was significantly higher as compared to untreated control mice (*p* \< 0.05 and *p* \< 0.01 respectively, [Fig. 2F and G](#f0002){ref-type="fig"}, respectively). In addition, to the adaptive immune compartment, we also evaluated the brain infiltration of different myeloid cell populations in tumor-inoculated mice ([Fig. 2H-K](#f0002){ref-type="fig"}). Analysis of the percentages of brain-infiltrating myeloid cells (CD11b^+^) revealed a significantly reduced influx of these cells in mice treated with the FT+IR-DC vaccine compared to both untreated mice (*p* \< 0.05) and FT-DC vaccine immunized mice (*p* \< 0.01, [Fig. 2H](#f0002){ref-type="fig"}). A more detailed phenotypic characterization of the brain-infiltrating myeloid cells showed a significant decrease in the percentage of TAMs (CD11b^+^F4/80^+^, [Fig. 2I](#f0002){ref-type="fig"}), mononuclear MDSCs (CD11b^+^Ly6C^+^, [Fig. 2J](#f0002){ref-type="fig"}) and granulocytic MDSCs (CD11b^+^Ly6G^+^, [Fig. 2K](#f0002){ref-type="fig"}) in mice receiving the FT+IR-DC vaccine in comparison to both FT-DC vaccine injected (*p* \< 0.05, *p* \< 0.01 and *p* \< 0.05, respectively) and untreated animals (*p* \< 0.001 for all three populations). Although there was a decreased infiltration of these myeloid cell populations in FT-DC vaccine treated mice as compared to untreated mice, this did not reach statistical significance. Figure 2.Prophylactic vaccination with FT+IR-DC vaccines favorably impacts the brain immune contexture. (A) Timeline depicting the prophylactic treatment protocol. Mice received two weekly i.p. vaccinations with either the FT-DC vaccine (n = 8) or the FT+IR-DC vaccine (n = 8). One week after the last vaccination, mice were intracranially inoculated with GL261 cells. Mice not immunized with vaccines were used as controls (n = 5). The BICs were isolated on day 20 post GL261 tumor inoculation. (B-K) Flow cytometry of the mononuclear BICs. Each point (representing data from one mouse) is given a color according to its neurological deficit score: grade 0 (black), healthy mice; grade 1 (green), slight unilateral paralysis; grade 2 (yellow), moderate unilateral paralysis and/or beginning hunchback; grade 3 (orange), severe unilateral or bilateral paralysis and/or pronounced hunchback; grade 4 (red), moribund mice. (B) Percentages of CD3^+^ T cells (CD45^high^-gated), (C) CD4^+^ T cells (CD3^+^-gated), (D) FoxP3^+^ Tregs (CD4^+^-gated) and (E) the ratio of CD8^+^ T cells (CD3^+^-gated) over FoxP3^+^ Tregs (CD4^+^-gated). (F-G) Percentages of IFNγ^+^ cells in the (F) CD4^+^ and (G) CD8^+^ T cell populations, analyzed by intracellular IFNγ staining. (H) Percentages of CD11b^+^ myeloid cells, (I) CD11b^+^F4/80^+^ macrophages, (J) CD11b^+^Ly6C^+^ mononuclear MDSCs and (K) CD11b^+^Ly6G^+^ granulocytic MDSCs within the CD45^high^ gate, thereby excluding CD45^int^CD11b^+^ microglia. \*, *p* \< 0.05; \*\*, *p* \< 0.01; \*\*\*, *p* \< 0.001 (one-way ANOVA). Data are presented as medians.

Of note, mice experiencing neurological deficits (grade 1--4) were only present in the untreated and FT-DC vaccine treated groups. These mice in general showed the lowest infiltration of Th1 cells and CTLs, the highest infiltration of the different myeloid populations (especially in the FT-DC vaccine group) and the highest Treg levels ([Fig. 2](#f0002){ref-type="fig"}).

Together, these data suggest that prophylactic vaccination with FT+IR-DC vaccines leads to an increased accumulation of immunostimulatory, IFNγ producing CD4^+^/CD8^+^ T cells while simultaneously impeding the infiltration of immunosuppressive Tregs, TAMs and MDSCs.

Curative treatment with DC vaccines fed with irradiated necrotic cells establishes a shift toward Th1 and CTL driven antitumor immunity {#s0002-0004}
---------------------------------------------------------------------------------------------------------------------------------------

As prophylactic treatment does not really represent the clinical *status quo*, we next evaluated the *in vivo* immunogenicity of the two vaccine 'types' in a curative vaccination setup. Treated mice received three weekly DC vaccines and all mice were sacrificed four days after the last vaccination to analyze the BICs populations ([Fig. 3A](#f0003){ref-type="fig"}). This study revealed an increased infiltration of CD3^+^ T lymphocytes and a reduced infiltration of CD4^+^ T cells in FT+IR-DC vaccine injected mice as compared to control mice (*p* \< 0.05 for both populations, [Fig. 2B and C](#f0002){ref-type="fig"}). However, this reduced infiltration of general CD4^+^ T cells might be explained by the strong significant reduction in Treg levels in these mice as compared to both untreated mice (*p* \< 0.01) and FT-DC vaccine treated mice (*p* \< 0.05, [Fig. 3D](#f0003){ref-type="fig"}). Moreover, vaccination with the FT+IR-DC vaccine resulted in a significant increase in the CD8^+^ T cell to Treg ratio (*p* \< 0.05 *versus* FT-DC vaccine and *p* \< 0.01 *versus* controls, [Fig. 3E](#f0003){ref-type="fig"}) and this was paralleled by an enhanced infiltration of Th1 cells and CTLs ([Fig. 3F and G](#f0003){ref-type="fig"}, respectively; *p* \< 0.05 in comparison to FT-DC vaccine treated mice for both populations). With respect to the myeloid cell populations, we observed a significantly reduced infiltration of total CD11b^+^ myeloid cells ([Fig. 3H](#f0003){ref-type="fig"}), F4/80^+^ TAMs ([Fig. 3I](#f0003){ref-type="fig"}) and Ly6C^+^ MDSCs ([Fig. 3J](#f0003){ref-type="fig"}) in FT+IR-DC vaccine injected mice as compared to FT-DC vaccine immunized mice (*p* \< 0.01, *p* \< 0.01 and *p* \< 0.05, respectively). Although Ly6G^+^ MDSCs were almost absent in the brains of both vaccinated groups, statistical analysis revealed a lower infiltration of these granulocytic MDSCs only in the FT+IR-DC vaccine treated mice in comparison to untreated animals ([Fig. 3K](#f0003){ref-type="fig"}, *p* \< 0.05). Interestingly, also in this setting, mice injected with FT-DC vaccine showed no significant differences as compared to untreated mice for any of the studied immune cell populations. Figure 3.Curative vaccination with the FT+IR-DC vaccine induces a pro-inflammatory shift in brain immune contexture. (A) Timeline depicting the curative treatment protocol. Treated mice received three i.p. vaccinations with either FT-DC vaccines (n = 6) or FT+IR-DC vaccines (n = 5) on days 2, 9 and 17 post intracranial GL261 inoculation. Mice not immunized with vaccines were used as controls (n = 4). The BICs were isolated on day 21 post GL261 tumor inoculation. (B-K) Flow cytometry of the mononuclear BICs. Each point (representing data from one mouse) is given a color according to its neurological deficit score: grade 0 (black), healthy mice; grade 1 (green), slight unilateral paralysis; grade 2 (yellow), moderate unilateral paralysis and/or beginning hunchback; grade 3 (orange), severe unilateral or bilateral paralysis and/or pronounced hunchback; grade 4 (red), moribund mice. (B) Percentages of CD3^+^ T cells (CD45^high^-gated), (C) CD4^+^ T cells (CD3^+^-gated), (D) FoxP3^+^ Tregs (CD4^+^-gated) and (E) the ratio of CD8^+^ T cells (CD3^+^-gated) over FoxP3^+^ Tregs (CD4^+^-gated). (F-G) Percentages of IFNγ^+^ cells in the (F) CD4^+^ and (G) CD8^+^ T cell populations, analyzed by intracellular IFNγ staining. (H) Percentages of CD11b^+^ myeloid cells, (I) CD11b^+^F4/80^+^ macrophages, (J) CD11b^+^Ly6C^+^ mononuclear MDSCs and (K) CD11b^+^Ly6G^+^ granulocytic MDSCs within the CD45^high^ gate, thereby excluding CD45^int^CD11b^+^ microglia. \*, *p* \< 0.05; \*\*, *p* \< 0.01 (one-way ANOVA). Data are presented as medians.

Of note, in accordance with the results obtained in the prophylactic setting, mice showing neurological deficits (predominantly present in the untreated and FT-DC vaccine group) in general showed the highest infiltration of Tregs and myeloid cell populations, while having a less evident infiltration of IFNγ producing effector T cells ([Fig. 3](#f0003){ref-type="fig"}).

In conclusion, these remarkable results indicate that the productive/pro-inflammatory immune interphase between the tumor and its immune contexture is maintained in the clinically relevant setting where vaccination with FT+IR-DC vaccine is applied in a pre-established tumor setting.

Pulsing of DCs with irradiated FT-necrotic cells does not impact DC maturation {#s0002-0005}
------------------------------------------------------------------------------

Different tumor lysate preparations have been found to impact the phenotypic and functional maturation of DCs interacting with them.[@cit0018] To this end, we examined whether the pulsing of DCs with FT+IR cells could directly modify the DC phenotype. As shown in [Fig. 4A](#f0004){ref-type="fig"}, we observed no differences in the expression levels of the costimulatory proteins CD80, CD86 and CD40 and the MHC class I and II molecules (H-2Kb and I-A/I-E, respectively) between DCs constituting the FT-DC vaccine and the FT+IR-DC vaccine. Figure 4.Loading of DCs with irradiated GL261 tumor lysate does not impact DC maturation. (A) Surface expression of CD80, CD86, I-A/I-E, H-2Kb and CD40 on the FT-DC vaccine and the FT+IR-DC vaccine was evaluated by means of flow cytometry. Data are presented as the mean fluorescent intensity ± SD of six independent experimental determinations. (B) The conditioned media of the FT-DC vaccines and the FT+IR DC vaccines were collected followed by analysis for concentrations of IL-12p70, IL-10, IL-1β and IL-6. Data are presented as mean ± SD of two independent experiments, each performed in triplicate.

In order to gain more insight into the functional status of the lysate-pulsed DCs, we evaluated the conditioned media of the FT-DC vaccine and the FT+IR-DC vaccine for the pattern of certain important cytokines like IL-10, IL-12p70, IL-6 and IL-1β ([Fig. 4B](#f0004){ref-type="fig"}). The exposure of DCs to both lysate preparations did not induce production of IL-12p70. Moreover, we did not detect any differences in the expression levels of IL-10, IL-1β and IL-6 between the two vaccines. Conditioned media of the GL261 lysates (in the absence of DCs) did not contain detectible levels of any of the cytokines (data not shown).

Together, these data suggest that irradiation of FT-necrotic cells to pulse DCs does not influence the phenotypic and functional maturation of DCs.

Oxidation-induced protein carbonylation in tumor lysates *in vitro*, correlates with DC vaccine\'s ability to induce tumor rejection *in vivo* {#s0002-0006}
----------------------------------------------------------------------------------------------------------------------------------------------

Given the well described ROS-inducing features of irradiation,[@cit0022] and the increased immunogenicity observed with OAMPs accumulation,[@cit0054] we wondered whether ROS-induced OAMPs (like protein carbonylation) might contribute to the increased *in vivo* immunogenicity of FT+IR GL261 cells.

To this end, we first decided to measure whether IR treatment can increase accumulation of protein carbonylation, an indicator of irreversible protein oxidation.[@cit0055] Indeed, the level of protein carbonylation was significantly higher in FT+IR treated cells compared to FT treated cells (*p* \< 0.01, [Fig. 5A](#f0005){ref-type="fig"}). Moreover, as positive control, we employed the *bona fide* oxidizing agent hydrogen peroxide (H~2~O~2~)[@cit0056] and as expected, H~2~O~2~ induced even higher levels of protein carbonylation compared to FT+IR treated cells (*p* \< 0.01, [Fig. 5A](#f0005){ref-type="fig"}). Next, we wondered whether the increase in the levels of carbonylated proteins was caused by ROS production induced by exposing the FT-necrotic cells to IR. To prove this, we decided to employ well-established anti-oxidants like N-acetylcysteine (NAC)[@cit0057] and [L]{.smallcaps}-histidine ([L]{.smallcaps}-Hist)[@cit0055] in combination with the FT+IR treatment. We observed that the presence of these ROS-scavengers in combination with IR treatment of FT-necrotic cells reduced the protein carbonyl content, back to the level of untreated GL261 cells ([Fig. 5A](#f0005){ref-type="fig"}). This result proved that, IR of FT-necrotic cells is associated with increased ROS-based biomolecule modifications. Figure 5.Oxidation-induced protein carbonylation in GL261 tumor lysates correlates with *in vivo* tumor rejection. The carbonyl content (calculated as nmols of carbonylated proteins per mg of total proteins) was evaluated in untreated GL261 cells (controls) and in the following lysate conditions: FT, FT+IR, FT+IR+NAC, FT+IR+[L]{.smallcaps}-Hist and FT+H~2~O~2~. Data are presented as mean values ± SD from one experiment performed in triplicate. \*, *p* \< 0.05; \*\*, *p* \< 0.01; \*\*\*, *p* \< 0.001 (Student\'s t-test). (**B**) Kaplan--Meier graph of an experiment in which GL261 inoculated mice were either left untreated (controls, •, n = 5) or were immunized with FT-DC vaccines (▪, n = 7), FT+IR-DC vaccines (▴, n = 7), FT+IR+NAC-DC vaccines (○, n = 7), FT+IR+[L]{.smallcaps}-Hist-DC vaccines (▾, dashed line, n = 7) or FT+H~2~O~2~-DC vaccines (□, dashed line, n = 7). \*, *p* \< 0.05; \*\*, *p* \< 0.01 (Log-rank test). (**C**) Linear correlation between the amount of protein carbonylation in the different lysate preparations (as depicted in A) and the percentages of long-term surviving animals that were vaccinated with DCs pulsed with the respective lysate preparations (*p* = 0.0028, R^2^ = 0.96, linear regression analysis).

Next, we decided to employ our prophylactic DC vaccination model to address whether the increased OAMPs were mediating the *in vivo* immunogenicity of the FT+IR-DC vaccine ([Fig. 5B](#f0005){ref-type="fig"}). Reduction of the protein oxidative burden in the tumor lysates used to pulse the DCs was able to reduce (albeit not significant) the median survival of FT+IR+[L]{.smallcaps}-Hist-DC vaccine treated mice (26 d) and FT+IR+NAC-DC vaccine treated mice (31 d) as compared to mice vaccinated with the FT+IR-DC vaccine only (37 d).

Interestingly though, the percentage of mice that became long-term survivors was the same in the anti-oxidant treated groups as in the FT-DC vaccine treated group (14 %), while 29 % of mice became long-term survivors in the FT+IR-DC vaccine injected group. Mice vaccinated with the FT+H~2~O~2~-DC vaccine showed the highest percentage of tumor-rejecting mice (43 %). Intriguingly, the amount of protein carbonylation in the different lysate preparations showed a highly significant linear correlation with the percentage of long-term surviving mice (R^2^ = 0.96, *p* = 0.0028, [Fig. 5C](#f0005){ref-type="fig"}). These data clearly indicate that the levels of OAMPs, like carbonylated proteins, in lysates used to pulse DCs, are highly associated with (and may partly mediate) long-term immunity in this DC vaccination model for murine HGG.

Discussion {#s0003}
==========

In this study, we show the superiority of DC vaccines pulsed with X-ray irradiated FT-necrotic glioma cells as compared to DC vaccines pulsed with FT-necrotic glioma cells only, in terms of improving the survival of HGG-bearing mice. Irradiation of necrotic glioma cells did not impact DC maturation but did, however, increase the amount of protein carbonylation in the lysate preparation. Most intriguingly, the protein carbonyl content in the tumor lysate preparations used to pulse the DC vaccines correlated significantly with the percentage of long-term surviving HGG-inoculated animals.

Meta-analysis of clinical data has indicated that subtle differences in the production process of DC vaccines, like DC maturation status, DC dose and use and non-use of adjuvants can impact clinical parameters in human melanoma, prostate cancer and renal cell cancer patients.[@cit0059] Moreover, a meta-analysis of 173 vaccination trials in a wide range of cancers concluded that patients vaccinated with whole tumor antigen vaccines had a higher rate of clinical responses compared to those vaccinated with defined tumor antigens.[@cit0061] Indeed, whole tumor vaccine strategies have the advantage of not relying on selected haplotypes such that immune responses are raised against a plethora of tumor antigens (including neo-antigens, if any), thereby avoiding the risk of immune escape variants.[@cit0062] Our literature overview of clinical studies reporting the use of whole tumor lysate-pulsed DCs in HGG patients (both adults and children) revealed that there is no consensus yet in how FT-necrotic tumor lysates ought to be prepared ([Table 1](#t0001){ref-type="table"}). However, based on our study, it can be hypothesized that FT-necrotic cells/lysates, if utilized for DC vaccines, should be preferably combined with high oxidation-inducing modalities.

Moreover, to the best of our knowledge, this is the first preclinical study evaluating the tumor immune contexture in a prophylactic as well as in a curative DC vaccination setup. This study revealed a reduced brain infiltration of Tregs, TAMs and MDSCs in GL261-inoculated mice previously immunized with the FT+IR-DC vaccine in both settings. All three of the abovementioned immunosuppressive leukocyte populations have been known to accumulate in the circulation and/or in the tumor microenvironment of HGG patients.[@cit0063] Accumulation of CD4^+^FoxP3^+^ Tregs in the peripheral blood of GBM patients tends to correlate with impairment of T cell proliferation and the frequency of tumor-infiltrating Tregs has been shown to correlate with tumor grade in astrocytomas.[@cit0010] Moreover, transient depletion of Tregs in the GL261 glioma model is capable of rescuing all tumor-challenged animals, however without the induction of immunological memory upon GL261 rechallenge.[@cit0017] Similarly, in human GBM, increased percentages of circulating MDSC (CD15^+^CD33^+^HLA-DR^−^) have been reported.[@cit0065] Nevertheless, TAMs are the predominant innate immune cells infiltrating gliomas, far outweighing the T cells, and their (TAMs) number has been shown to correlate with the tumor grade.[@cit0066] Depletion of CD11b^+^ cells in GL261-bearing mice has been shown to slow down glioma progression, further indicating that the majority of tumor-infiltrating CD11b^+^ cells serve a tumor-promoting role in the context of HGG.[@cit0067] Whether vaccination of GL261-inoculated mice with FT+IR-DC vaccine can also influence the functional status of Tregs, TAMs and MDSCs remains an open question. Additional *ex vivo* functional studies are required to address this question.

In addition, we observed an enriched population of CD3^+^ T cells and a stronger infiltration of Th1 cells and CTLs in mice receiving the FT+IR-DC vaccine. This finding suggests that this vaccination therapy can tackle the suppressive immune compartment, while simultaneously promoting the immune stimulating arm. This shift in immune balance toward a more antitumorigenic immune contexture is further demonstrated by the increased ratio of CD8^+^ T cells to Tregs in our FT+IR-DC vaccination set-up. Sayour and colleagues recently disclosed a positive correlation between the CD8^+^ to Treg ratio in primary GBM patients and survival time.[@cit0068]

Radiotherapy is a known inducer of immunogenic cell death (ICD) due to its combined action of generating ROS and inducing collateral endoplasmatic reticulum stress.[@cit0051] This ICD-inducing feature of radiotherapy however does not apply in the setting where FT-necrosis is applied before X-ray irradiation (thereby making them 'signaling incompetent' from ICD\'s perspective). On the other hand, the ROS-inducing features of radiotherapy are still applicable in this situation. Accumulating research reveals that OAMPs like carbonylated proteins can act as danger signals.[@cit0025] Irradiation of the necrotic GL261 cells upregulated the levels of protein carbonylation. Moreover, treatment of irradiated FT-cells with two different anti-oxidants completely abolished this effect. Of note, anti-oxidants based abrogation of irradiation-induced protein carbonylation (partially but not significantly) reduced overall median survival as well as the percentage of long-term surviving mice in our prophylactic vaccination model. The lack of significance between the different treatment conditions in this *in vivo* experiment ([Fig. 5B](#f0005){ref-type="fig"}) might be due to the small survival benefit observed with the FT+IR-DC vaccine (as compared to the FT-DC vaccine), leaving a very stiff window for intervention. DC vaccines pulsed with tumor lysate treated with the chemical oxidizer H~2~O~2~ showed the highest level of glioma protection. These data are in line with a recent study of Chiang and colleagues in the ID8 ovarian cancer model.[@cit0018] They observed an increased *in vivo* efficacy of DCs pulsed with hypochlorous acid-oxidized tumor lysate as compared to DCs pulsed with FT-lysate. These findings suggest that the level of irreversible protein carbonylation in lysates --- a convenient surrogate of the overall oxidative/OAMPs burden --- used to pulse DC vaccines associates with (and possibly partially mediates) long-term antitumor immunity in this GL261 glioma model.

Interestingly, irradiation of the GL261 cells prior to freeze-thawing was shown to negatively affect the vaccine\'s *in vivo* immunogenicity. This could be explained by the fact that freeze-thawing is described to destroy carbonyl adducts.[@cit0069] This is in accordance with our own observation of lower protein carbonyl content in the IR+FT treated cells in comparison to FT+IR treated cells (data not shown).

Various oxidatively damaged components caused by the irradiation, including lipid (per-)oxidation products, which have not been investigated here, may also ultimately contribute to the heightened protein carbonylation status of the lysates.[@cit0070] This might be paralleled by formation of high-molecular weight aggregates of unfolded proteins (i.e., oxidation-induced aggregation), which can further enhance immunogenicity.[@cit0071]

All together, these data warrant the use of X-ray irradiated FT necrotic lysates, over the use of FT necrotic lysates alone, as an antigen source to pulse DCs in clinical DC vaccination studies. Moreover, these data foster the preclinical investigation of strong oxidizing or OAMPs-inducing compounds to further increase the potency of whole tumor antigen-pulsed DC vaccinations.[@cit0072]

Materials and methods {#s0004}
=====================

Mice and tumor cell line {#s0004-0001}
------------------------

Adult, female (8 to 10 weeks old) C57BL/6J mice were purchased from Harlan (Horst, The Netherlands). The mice were housed in conventional pathogen-free conditions. All animal experiments were approved by the bioethics committee of the KU Leuven that follows international guidelines.

Methylcholanthrene-induced murine C57BL/6J syngeneic GL261 glioma cells were kindly provided by Dr. Eyüpoglu (University of Erlangen, Germany). The cells were maintained in DMEM supplemented with 10% heat-inactivated FCS (Sigma-Aldrich, F7524), 2 mM [L]{.smallcaps}-glutamine, 100 U/mL penicillin and 100 mg/mL streptomycin (both from Lonza, BE17-605E and DE17-602E, respectively). Cell morphology was evaluated by microscopic examination multiple times per week.

Orthotopic glioma model and DC immunotherapy {#s0004-0002}
--------------------------------------------

The mice were intracranially injected with 5 × 10^5^ GL261 tumor cells as previously described.[@cit0017] Briefly, mice were anesthetized and fixed in a stereotactic frame (Kopf Instruments, Tujunga, CA), which allows for accurate injection at 2 mm lateral and 2 mm posterior from the bregma and at 3 mm below the dura mater. Stereotactic inoculation was performed under sterile conditions.

DC immunotherapy was applied in the prophylactic setting by intraperitoneal (i.p.) injection of 1 × 10^6^ lysate-pulsed mature DCs on day 14 and 7 prior to GL261 tumor inoculation. The mice were defined as long-term survivors when their survival exceeded 3 times the median survival of the untreated control animals. In the curative treatment set-up, mice received 3 i.p. administered DC vaccines on days 2, 9 and 17 after intracranial GL261 tumor inoculation.

Preparation of GL261 lysates {#s0004-0003}
----------------------------

GL261 cells were harvested, washed and suspended in phosphate-buffered saline (DPBS, Lonza) supplemented with 1% FCS. Seven different GL261 lysate formulations were prepared; GL261 cells subjected to 6 consecutive FT cycles (FT, 3 min in liquid nitrogen and 3 min on 56°C, respectively), GL261 cells subjected to 6 FT cycles and followed by 60 Gy X-ray irradiation (FT+IR), GL261 cells exposed to 60 Gy X-ray irradiation prior to 6 FT cycles (IR+FT), GL261 cells subjected to 800 Gy X-ray irradiation only (IR), GL261 cells exposed to the anti-oxidants NAC (5 mM, Sigma-Aldrich, A9165) or [L]{.smallcaps}-Hist (250 mM, Sigma-Aldrich, 53319) before, during and after the FT and irradiation treatment (FT+IR+NAC and FT+IR+[L]{.smallcaps}-Hist, respectively) and GL261 cells incubated with the strong oxidizer H~2~O~2~ for 24 h (750 μM, Sigma, H1009) after the FT cycles (FT+H~2~O~2~). Protein concentrations were determined via colorimetric assay (Bradford protein assay) according to the manufacturer\'s instructions (Bio-Rad).

Generation and characterization of DCs {#s0004-0004}
--------------------------------------

DCs were derived from bone marrow progenitor cells as described.[@cit0017] In short, bone-marrow progenitor cells were cultured for 7 d in the presence of GM-CSF (20 ng/mL, Peprotech, 312-03). Medium was refreshed on day 3 and day 5. On day 7 immature DCs were harvested using a cell scraper. For lysate loading, immature DCs were incubated with GL261 lysates at 2 mg protein per 10 × 10^6^ DCs per mL culture medium at 37°C for 90 min. Immediately after loading, the DCs were transferred to culture flasks for 24 h in DC medium containing 20 ng/mL GM-CSF and 1 μg/mL *Escherichia coli*-derived lipopolysaccharide (LPS, Sigma-Aldrich, L6529--1MG) to induce maturation. Twenty-four hours later, the mature lysate-loaded DCs were harvested, counted and resuspended to 1 × 10^6^ DCs in 100 μL PBS for i.p. injection.

Surface expression of DC maturations markers was assessed on lysate-pulsed mature DCs by flow cytometry using the following monoclonal antibodies (mAbs): FITC-conjugated anti-H-2Kb (Becton Dickinson (BD), 553569), PE-conjugated anti-I-A/I-E and anti-CD40 (BD, 557000 and 553791, respectively) and PE-conjugated anti-CD80 and anti-CD86 (eBioscience, 12-0862-83 and 12-0114-83, respectively). For each staining the appropriate isotypes were used. Analysis was performed using the Cellquest software on a FACSort cytometer (BD, Erembodegem, Belgium). The conditioned media derived from the lysate-loaded mature DCs were collected and checked for cytokine levels of IL-10 (88-7104-88), IL-12p70 (88-7121-88), IL-1β (88-7013-88) and IL-6 (88-7064-88) by means of ELISA kits from eBioscience, according to the manufacturer\'s instructions. Cytokine levels in GL261 lysates were also evaluated to rule out GL261 cell-derived cytokine production.

Isolation and characterization of brain-infiltrating immune cells {#s0004-0005}
-----------------------------------------------------------------

BICs were isolated from GL261-inoculated mice as previously described.[@cit0017] Two different staining panels were used respectively for the prophylactic and curative setup. The staining protocol was however exactly the same for the two experiments. In the prophylactic setting surface staining was performed with anti-CD11b PE (eBioscience, 12-0112-83), anti-CD4^+^ PE and anti-CD8^+^ PE (BD, 553049 and 553033), anti-F4/80 FITC (AbD Serotec, MCA497DB), anti-Ly6G FITC (eBioscience, 11-5931-83), anti-CD3 FITC, anti-Ly6C FITC (BD, 553062 and 553104, respectively) and anti-CD45 PerCP-Cy5.5 mAbs (eBioscience, 45-0451-82). Intracellular FoxP3 was detected using a FoxP3-Alexa Fluor 488 staining kit (eBioscience, 73-5776) according to the manufacturer\'s protocols. For intracellular IFNγ staining, cells were stimulated for 4 h *in vitro* with 100 ng/mL phorbol myristate acetate, 1 μg/mL ionomycin and 0.7 μg/mL monensin (all from Sigma-Aldrich, P8139-1MG, I0634-1MG and M5273-500MG, respectively). After restimulation, surface staining for CD4^+^, CD8^+^ and CD45 was performed and cells were washed with a permeabilization buffer containing 0.5% saponin and 0.5% bovine serum albumin (BSA). Intracellular staining was performed with an anti-IFNγ FITC mAb (BD, 554411). Data acquisition was performed on a FACSort flow cytometer (BD) and the Cellquest software was used for data analysis.

In the curative setting surface staining was performed with anti-Ly6C Alexa Fluor® 647 (Bio-Rad, MCA2389A6457), anti-CD11b BV421, anti-Ly6G FITC, anti-CD8^+^ BV421 (all three from BD, 562605, 551460 and 563898, respectively), anti-CD45 Alexa Fluor® 700, anti-F4/80 PE, anti-CD3 FITC and anti-CD4^+^ PerCP-Cyanine5.5 mAbs (all four from eBioscience, 56-0451-82, 12-4801-80, 11-0031-82 and 45-0042-82, respectively). Intracellular FoxP3 was detected using an anti-FoxP3 PE staining set (eBioscience, 72-5775). For intracellular IFNγ staining, surface staining of stimulated cells was performed with anti-CD45 Alexa Fluor® 700, anti-CD3 PE, anti-CD4^+^ APC-eFluor® 780 (all three from eBioscience, 56-0451-82, 12-0031-82 and 47-0042-82, respectively) and anti-CD8^+^ BV421 mABs (BD), followed by intracellular staining performed with an anti-IFNγ PerCP-Cyanine5.5 mAb (BD, 560660). Data acquisition was performed on a LSRFortessa flow cytometer (BD Biosciences) and the FlowJo software was used for data analysis.

Protein carbonylation detection assay {#s0004-0006}
-------------------------------------

The detection of protein carbonyl derivatives was performed as previously described.[@cit0055] In brief, 50 μL of GL261 cell lysates or untreated GL261 cells, corresponding to a total protein concentration of 5 to 10 mg/mL were incubated with an equal volume of 200 μM fluorescein-5-thiosemicarbazide (FTC, Sigma-Aldrich, 46985-100MG-F) overnight at room temperature in the dark. Twenty-four hours later, proteins were precipitated and centrifuged after which the supernatant was discarded and consequently the protein precipitates were washed three times with acetone. The acetone supernatant was discarded and the precipitates were air-dried. These precipitates were then solubilized with 50 μL of guanidine hydrochloride (GuHCl, 6M) and diluted with 450 μL of NaH~2~PO~4~ (pH 7.0). Subsequently, the protein concentrations in these samples were measured via the bicinchoninic (BCA) protein assay kit from Thermo Scientific (23225). Fifty microliters of these samples were aliquoted in a black microtiter plate and fluorescence was measured with a FlexStation 3 microplate reader (Molecular Devices, Berkshire, United Kingdom, 0310-5627). A standard curve that was prepared using different concentrations of FTC allowed for the calculation of the nanomoles of FTC-reacted carbonyls. These values were then divided by the respective protein concentrations to derive the amount of protein carbonyls expressed as nmoL/mg protein.

Literature search of tumor lysate-pulsed DC vaccination trials in HGG patients {#s0004-0007}
------------------------------------------------------------------------------

The studies listed in [Table 1](#t0001){ref-type="table"} were identified through an electronic search of the PubMed database, reference lists of published trials and relevant review articles. The search strategy included the following search terms: 'glioma' AND 'dendritic cells' AND 'tumor lysate'. We only included studies that performed FT cycles to obtain tumor lysates and excluded case reports, articles not published in English and protocol studies.

Statistical analysis {#s0004-0008}
--------------------

Statistical analyses were performed using GraphPad Prism 5 software (San Diego, USA). Survival analysis was performed using the log-rank test. Student\'s *t*-test was performed for statistical analysis with significance level set at *p* \< 0.05. Wherever applicable (with respect to comparison between multiple data-sets), a one-way ANOVA analysis was performed. Linear regression analysis was performed to investigate a possible association between protein carbonylation levels and the percentages of long-term surviving mice.
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[^1]: AA, anaplastic astrocytoma; AOD, anaplastic oligodendroglioma; AOA, anaplastic oligoastrocytoma; ATL, autologous tumor lysate; CR, complete response; CTL, cytotoxic T lymphocyte; CTLA-4, cytotoxic T lymphocyte-associated protein 4; DC, dendritic cell; DTH, delayed-type hypersensitivity; ELISA, enzyme-linked immunosorbent assay; ELISPOT, enzyme-linked immunosorbent spot assay; FT, freeze-thaw; GAA, glioma-associated antigens; GBM, glioblastoma multiforme; IFNγ, interferon-γ; ID, intradermal; IN, intranodal; IR, irradiation; IT, intratumoral; MR, minor response; MS, median survival; ND, newly diagnosed; NK, natural killer; NS, not specified; OS, overall survival; PBMC, peripheral blood mononuclear cell; PFS, progression-free survival; PR, partial response; R, relapsed; RPA, recursive partitioning analysis; SC, subcutaneous, SD, stable disease; TREC, T cell receptor excision circle; Treg, regulatory T cell; TTP, time to progression; TTS, time to survival.
